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European Union is striving to achieve 20% of energy generated from re- by 80 − 95% [2] . All around the world (e.g. in China [3] , Japan [4] , New 
13
In conjunction with RES, the integration of other recent technologies, 14 such as electric vehicles (EV), but also the unbundling and modification in 15 the regulation of the power sector, influence the paradigm and structure 16 of the power sector. As electricity has to be dealt with when generated, 17 either by being consumed or stored, matching the levels of generation and 18 load at all times is fundamental. The fact that most RES are weather-19 dependent will cause the generation output to vary more likely with the 20 climate conditions than with the market needs. The increasing integration 21 of electric vehicles also increases the likelihood of high load variations during 22 the day. The novel technologies are expected to be applied to an extent 23 which will certainly amplify the effect of these variations.
24
The above mentioned technological and regulatory developments call for 25 adjustment of planning and operation of the power systems -they need 26 to be more flexible. This flexibility can be achieved through several tech- exercising arbitrage are day-ahead and intra-day markets [12] .
49
In unbundled markets, the system operators are not allowed to own en-50 ergy generation assets. Therefore, they need to procure several ancillary 51 services. Examples of these ancillary services are balancing support and 52 congestion management.
53
Other services can be supplied by ESSs [6, 7, 11] . [11] , depending on 54 the characteristics of the specific energy storage technologies. The problem 55 of energy storage integration into existing electricity markets was studied 56 in [13, 14, 15] . The literature implies that in most markets, with current 57 price differences, arbitrage provision is not sufficient to make energy storage 58 profitable. Hybrid energy storage systems using two energy storage devices 59 are present in the literature. However, these are associated with electric 60 vehicle power system or variable renewable energy generation site integration 61 into the grid [16] . Nonetheless, to the best of our knowledge, no models 62 including two electricity markets and two ESS technologies operating in 63 parallel have been developed so far.
64
This paper focuses on a combination of energy market arbitrage and pro-vision of balancing support by the same dual energy storage system. The 66 3 model that we introduce in this paper differs from the models analysed in 67 the literature in two major aspects. Firstly, we consider a system combining 68 arbitrage and ancillary services. With this combination we expect higher 69 yearly benefits than using arbitrage only. Secondly, the energy storage sys-70 tem that we propose uses two energy storage technologies simultaneously.
71
The dual technology system was chosen in order to profit from character-72 istics of both devices and market price variations. This paper extends our 73 research presented in [17] .
74
In order to see how profitable the ESS could be, in this paper we seek op-75 timal strategy in terms of price thresholds for buying and selling electricity at 76 the Dutch day-ahead and balancing electricity markets. Mathematically, we 77 formulate the problem as an optimal control problem with the goal to max-78 imize the yearly benefit. Firstly, we consider the situation when buying and 79 selling thresholds may vary between working days and weekends. Secondly,
80
we consider a situation when the working days and weekend thresholds are 81 the same. We use pattern search to find the optimal strategy and motivate 82 the choice of this method.
83
The remainder of this paper is composed as follows. Section 2 introduces Table 1 describes the main symbols used in this paper. 
Symbol
Description Unit J set of electricity markets and of energy storage devices, J = {1, 2} j electricity market/storage device, element of set J D set of days under analysis δ day, element of set D Tj set of time steps for market j within a day ‡ tj element of Tj; time step for market j within a day M j set of possible modes for market j,
mode of market j on day δ and time step tj, element of set M j k(δ) day type; indication of working days/weekends, k(δ) ∈ {1, 2}
relative buying threshold for market j and day type k(δ), h
relative selling threshold for market j and day type k(δ), h
vector of buying and selling price thresholds (to be optimized)
yearly benefit when set of thresholds u is adopted e u * vector of optimal buying and selling price thresholds maximizing Z(u) historical price volatility in market j for day δ and time difference tj − tj−1
price return, ratio between prices at time step tj and at time step tj−1, for market j and day δ v Please check note ‡ in Table 1 .
Electricity Markets in The Netherlands

93
In The Netherlands most of the electricity is still traded in the bilat- and those either using the imbalance settlement system for their own imbal-129 ance or being active without being selected [20] . By bidding on the imbal-The Dutch imbalance market has 4 possible modes: downwards, upwards,
140
upwards/downwards and no contribution, which we will denote by −1, 1, 2
141
and 0, respectively (see Table 3 ). These modes are calculated by the TSO 142 in the real time. In mode −1 there is an excess of power in the system. This 143 excess of power is also called "long" and requires downward regulation. In 144 mode 1 there is a lack of power in the system. This lack of power is also 38.31 e/MWh and for downward regulation (mode −1) it is 11.12 e/MWh.
151
The prices in this market vary during the week as shown in Figure 1 . As the yearly benefit of the dual energy storage system depends on the 
176
For the sake of simplicity, in our model we assume both perfect electricity 177 price forecast and a price taker approach, based on two assumptions:
The storage size is not big enough to modify market prices [23] . 2. There is a perfect forecast window, more or less extended according 180 to the study [23] .
181
These two assumptions are very standard when analysing potential profit-182 ability of energy storage systems in a modeling framework. 
Model Formulation
184
Our goal is to find the optimal charge and discharge relative price bound-185 aries, per device type and day, so that the yearly benefit obtained is maxim- Table 1 .
196
Mathematical formulation of the optimal control problem dealt with in this paper reads as follows:
where the yearly benefit Z(u) for the vector of relative price thresholds u = (h
with respect to equations (3) - (26).
and h j,k(δ) S refer to relative buying and selling thresholds prices, respectively. The actual buying and selling prices π j,δ B and π j,δ S can be then calculated as 1 However, this assumption does not change the main ideas behind the model and can be easily relaxed.
13
follows:
where
Market 1 is always in the same mode 0, i.e., M 1 = 0, while M 2 = {−1, 0, 1, 2} (see Table 3 for overview of these modes). In mode m 2,δ,t 2 = 2 only one action (buying or selling) is allowed for device 2. We assume that in such a situation device 2 sells, because selling is more advantageous for the energy storage owner, as shown in [17] . Due to the efficiency losses in charging and discharging, one has to buy more electricity than it can be physically charged into a device and, similarly, one has to discharge more electricity than the amount of energy sold: charging, respectively, and are known a priori.
198
No device can simultaneously charge and discharge electricity and the amount of electricity charged and discharged cannot exceed its prespecified boundaries, i.e.,
As each market/device j can only be in one mode m j,δ,t j on day δ and time step t j , we set quantities of electricity charged and discharged and their buying and selling prices for all other but the current mode, same day δ and 14 time step t j , to zero:
Mode m j,δ,t j and electricity prices for each market j, day δ and time step t j 199 are exogenous and assumed to be known a priori. cycles of charging and discharging may be performed in one hour.
204
In order to avoid any inconsistency, since device 1 and device 2 are used in our model with different time steps, the energy transferable from one device to another is reserved a priori. This reservation is performed every hour, which is the time step of device 1 and larger of the two time steps. Equation (11) determines this energy reserved in device 1 transferable to device 2. As device 1 is much bigger than device 2, device 1 can provide a temporary additional output to charge device 2 when needed:
The energy transfer will only happen when device 2 is not being used in market 2 in the current time step t 2 , as stated in (12). Also, device 2 can only receive energy if it is partially or fully discharged. If so, device 2 will receive the energy from device 1 (λ 2,δ,t 2 ,m 2,δ,t 2 ). This amount will be the lower of two values: maximum quantity q 2 C,max charged by device 2 or the energy
that can be transferred to device 2 from device 1.
15
This transfer can occur in every 15 minutes. For each t 2 ∈ {4 t 1 −3, . . . , 4 t 1 }, 
The amount of energy reserved in device 1 not transferred to device 2 is defined as For each t 1 = 1, 2, . . .
Here also the losses of discharging device 1 and charging device 2 are taken into consideration. The current state of charge of devices 1 and 2 depends on their state of charge in the previous time step:
When it is not possible to charge or discharge quantities q 1 C,max or q 1 D,max , the device will charge or discharge as much as possible, given by x 1 max − x 1,δ,t 1 −1,m 1,δ,t 1 −1 and x 1,δ,t 1 −1,m 1,δ,t 1 −1 − x 1 min , respectively. As most energy storage devices cannot be fully discharged, x j min represents the minimum useful state of charge, the lowest charge level the storage device can be discharged to. Quantity q 1,m 1,δ,t 1 ,δ,t 1 D is defined as follows:
As device 1 starts discharged, equation (16) is only valid for t 1 ≥ 2 or when δ ≥ 2. Likewise, q 1,m 1,δ,t 1 ,δ,t 1 C is defined as follows:
If device 2 cannot charge the maximum quantity of energy charged q 2 C,max , as it would overrun the maximum amount of charge x 2 max , it will charge quantity x 2 max − x 2,δ,t 2 −1,m 2,δ,t 2 −1 . Similarly, when discharging, if device 2 cannot discharge the maximum quantity of energy discharged q 2 D,max , as it would overrun the functional minimum amount of charge x 2 min , it will charge the quantity x 2,δ,t 2 −1,m 2,δ,t 2 −1 − x 2 min . As device 2 starts discharged, equation (18) 
Other constraints:
Initial conditions:
In words, the problem (1), subject to (2)- (26) implemented using Matlab ® .
217
The problem (1)- (26) There, different results can be observed for weekdays and weekends. For the 265 day-ahead market and bulk device, weekend thresholds are usually lower.
266
For the balancing market and high power device, the difference is bigger.
267
In this case, the yearly benefit is the highest when the high power device is 268 21 used to buy less in the weekends and when it sells more during the working 269 days than in the weekends. The last However, it was realized that the im- Figure 7 : Optimal relative thresholds. The value of the selling thresholds indicates how much above the daily mean selling price the electricity will be sold, while the value of the of the buying thresholds indicates how much below the daily mean buying price the electricity will be bought. Device sizes are 50 MW, 500 MWh and 20 MW, 5 MWh, for the bulk and the high power device, respectively. The optimal working day (written as "weekdays" in the caption) buying threshold for the high power device is zero. The yearly benefit with this set of thresholds is 2.615 Me.
270
provement towards a single set of thresholds was limited (0.2 − 1.1%) and 271 the computational time was at least doubled. This is possibly due to the 272 weekend prices being usually lower than the ones of the working days and 273 that their volatility is lower than volatility of the prices for working days. is shown in Figure 9 . Clearly, the power rating has a higher impact on the leads to the yearly benefit increase of 85%, 170%, and 256%, respectively. Here we focus on calculating of the payback period (PBP) for using the ESS, depending on which particular ESS is used. The PBP (ψ) is calculated by dividing the initial investment by the yearly net revenues [30] as shown in equation (28). In order to increase the accuracy of this study, we have used price data from years 2012, 2013 and 2014. 2 The costs of the devices used to calculate the initial investment are taken from [11] . The costs per unit of power (kW) and unit of energy (kWh) of device j are denoted by µ j and ξ j , respectively. The power and energy ratings for a device j are denoted by ρ j and j , respectively. The Euro/Dollar conversion rate is 1/1.10, following the information provided in [27] . The yearly benefit Z(u) is replaced by Z (u) defined as 3
which takes the variable the variable O&M costs κ j per unit of energy for device j into account.
338
The yearly net benefit is calculated by subtracting the yearly operation and maintenance costs o j from the optimal yearly benefit Z (u * ). Furthermore, we compare the payback period ψ defined as
for the years 2012-2014 with those of 2014. The internal rate of return ι is used to calculate the profitability of potential investments in the ESS and is calculated for a certain prespecified number of years N , so that equality
is satisfied. In the two case studies to follow, we will discuss ι calculated for in this case studies we will vary technologies used for the ESS, in Appendix C
342
we discuss technologies available in detail. Table 5 shows the results of the cost benefit analysis. The internal rate Table 6 shows the results for the cost benefit analysis. The calculations The net yearly benefit per kWh of energy sold for both case studies and higher in case study 2, as shown in Figure 17 . Therefore, the normalized 397 yearly benefit is higher for case study 2, as can be seen from comparing Figure 18 shows the location of underground salt reservoirs in Europe. 
